Micro-electro-mechanical-systems (MEMS) have seen a very steep progression in R&D in the 1980s and 1990s, both in academia and industry. The rapid growth has been enabled by new fabrication methods derived from semiconductor integrated circuit manufacturing. These are basically lithography, thin film deposition dry and wet etching, which were tailored for MEMS purposes, since MEMS often uses silicon not only as semiconducting but also primarily as mechanical material (Petersen, 1982) . Today, some MEMS-based products are a mature industry that delivers commodity products for our everyday life, such as integrated multi sensor modules (9 degrees-of-freedom inertial, gas, pressure, temperature, and flow), actuators (inkjet nozzles, digital mirror displays), communication components (RF filters, oscillators, duplexers), and other transducers (power harvesters). The forecasts for the MEMS market show a compound annual growth rate of 5-24% for the period -2019 (Yole Développement, 2015 . The increasing impact that MEMS are having on markets is caused by their typically small size, which makes them minimally invasive into larger systems (cars, domotic, health care), and cost-efficient to produce, therefore facilitating their implementation in portable, ubiquitous electronics. Figure 1 shows some representative examples of advanced MEMS. However, according to the International Technology Roadmap for Semiconductors (ITRS; 2013b) current MEMS technologies will not be able to meet next decade's society requirements in terms of performance, functionalities, power consumption, cost, and size. Why is that? It is generally accepted that for a continuous growth, MEMS faces the following challenges.
ScalinG OF MeMS
In the same way as the progression of microelectronics has been driven by Moore's Law, which is finally motivated by economic considerations, a similar trend towards miniaturization and cost reduction is found for MEMS and its evolution toward NanoElectroMechanical Systems (NEMS). NEMS is an extension of MEMS, and throughout this article we will call them N/MEMS. They have their greatest potential in high-performance transducer applications. Indeed, N/MEMS have shown unprecedented sensing capabilities, e.g., mass (Chaste et al., 2012) , force (Moser et al., 2013) , surface stress (Fritz et al., 2000) , or temperature (Fon et al., 2005) , which has enabled the detection of tiny concentrations of gas (Li et al., 2010) , single atom landing (Jensen et al., 2008) , molecule surface diffusion (Yang et al., 2011) , cellular stiffness (Cross et al., 2008) , DNA hybridization and strand separation (Fritz et al., 2000) , etc. One of the major challenges to further implementation of N/ MEMS into mainstream applications is to stabilize and ultimately standardize their fabrication techniques. This would offer reproducibility, high yield and reduced cost for commodity products based on N/MEMS. On the other hand, the precision at which today materials can be shaped by micro-and nano-fabrication methods, allows also designing and building new mechanical components at the millimeter scale with extreme precision for improved performances. An example of such so-called macro-MEMS is the single-crystal silicon part of a mechanical watch. The system consists of a small pressure sensor (left) that can be implanted in the pulmonary artery (right) and it is powered externally via a RF signal. The sensor monitors the internal pressure in the pulmonary artery, which has been correlated to heart failure, therefore representing a major step in personalized medicine. n/MeMS, cMOS, and pOSt-cMOS cOMpatiBility
One of the key points for the market penetration of N/MEMS is their compatibility with scalable wafer-based micro-fabrication techniques, paramount for the reduction in size and cost that has been attained in the past. In addition, they can be integrated with electronic circuitry, e.g., CMOS. Currently, this integration is often done in a hybrid way, i.e., the N/MEMS is fabricated on a different substrate than the electronic circuitry and then both chips are bonded together creating a system in package (SIP). This is done because current options to monolithically integrate N/MEMS and CMOS have much higher cost, mostly due to post-processing of the CMOS wafers (Villanueva et al., 2006; Arcamone et al., 2008) . Size and cost will be enormously decreased if monolithic integration without post-processing would be possible. CMOS technology has been the standard for integrated circuits fabrication for over half a century. However, it is expected that within the next two decades CMOS technology will reach its scaling limits, thus requiring another technological platform to take over as the "gold standard" for nanofabrication (International Technology Roadmap for Semiconductors, 2013a) . Solving the problem FiGUre 2 | State of the art for micro-and nano-mechanical devices in research. (a) Scanning electron microscope (SEM) micrograph of two NEMS clamped-clamped beams. The beams are mechanically coupled through the ledge present in the anchoring region and they are fabricated using a combination of metal and piezoelectric layers, which provide the devices with self-sensing and actuating capabilities. These devices are used as coupled resonators to study complex dynamics in the nanoscale (Villanueva et al., 2011 and they also have potential for noise reduction in communications (Kenig et al., 2012) and sensitivity increase for sensing (Spletzer et al., 2006) . Color has been artificially added for illustration purposes. (B) Optical microscope picture of an assembly in liquid medium of hollow half-cylinders fabricated in SU-8. Fluidic self-assembly is one of the promising novel ways that can be used to assembly MEMS/NEMS devices in large scale (Goldowsky et al., 2013; Jacot-Descombes et al., 2013) . The coupled cylinders shown in the figure could be used, for example, as microcapsules for drug storage and subsequent local drug release. (c) SEM micrograph of sets of metallic cantilevers with an engineered intrinsic stress gradient in order to obtain the curvature of the cantilevers and the cage-like structures. These cages can be used to capture cells and study their behavior as a function of different cage stiffness (Marelli et al., 2014) . This example is an illustration of 2.5-D MEMS devices, where shapes and structures are designed to come out of the plane, as opposed to standard planar technology. Color has been artificially added for illustration purposes. Reproduced by permission of The Royal Society of Chemistry. (d) SEM micrograph of a polymer-based mechanical metamaterial fabricated using 3D printing in the nanoscale (Kadic et al., 2012) . Metamaterials are artificially fabricated periodic structures that extend over long periods of space in 1, 2, or 3 dimensions that confer the overall extended pattern of special properties that, in most cases, cannot be found in reality. The mostly studied metamaterials are those giving rise to negative optical refractive indexes (these can be used to engineer invisibility cloaks) (Schittny et al., 2015) and those giving rise to negative Poisson's ratios or negative mass-density tensors, for example, to engineer dilatational materials (Kadic et al., 2012) . Reprinted with permission from AIP Publishing LLC.
of co-integrating circuits and N/MEMS in such a post-CMOS scenario, where GaN and 2D materials (Banerjee and Ionescu, 2004) are two of the most promising alternatives, is a fantastic challenge for our community.
nOVel n/MeMS MaterialS
Silicon has longtime been the standard material for MEMS, and it still is in many cases. Yet, scientific research for silicon-based MEMS has stalled in the last decade as the field came to maturation and due to successful commercialization of the above mentioned applications. The field of MEMS and NEMS, however, is much more than based solely on silicon and related materials. Advances in the science and engineering of new functional materials, including nanomaterials, and new processing methods, now allow designing and manufacturing totally new N/MEMS that will increasingly match the needs for future products (Lee et al., 2009; Ingrosso et al., 2011; Martin-Olmos et al., 2012; Jacot-Descombes et al., 2013) . Some representative examples are shown in Figure 2 . If one considers as a reference snapshot the N/MEMS topics covered in scientific journals in the past decade and current R&D priorities, one can see a clear trend away from physical sensors and actuators using primarily silicon as material (1980s and 1990s) toward BioMEMS, lab-on-chip and medical devices using more and more plastic and glass in the last 10 years. This tendency to integrate solid-state devices from the silicon family with polymers, biocompatible, and eventually biodegradable materials for MEMS for life-science applications represent another challenge, both at the level of integration and material development.
nOVel ManUFactUrinG (nanOpatterninG, 3d, additiVe, printinG)
Functionality of any system irrelevant of its size is provided by how its constituting material is structured. Controlling the material arrangements at the micro and nanometer scale allows for addressing material and device properties that are specific and unique to a given length scale. That is the reason why progress in fields such as lithography and self-assembly are so important as they now allow us to structure material into patterns with control down to sub-10 nm dimensions on large surfaces and in economic ways, without necessarily the need for capital-intensive equipment. This democratization of nanopatterning is expected to further boost the progress in Nanotechnology into the next decades. It will finally also enable organizations in regions that have less access to capital-intensive infrastructures to contribute to the advancement of N/MEMS. Lithography is typically a planar process. The limitation to planar surfaces comes from resist spinning and beam projection or scanning for exposure. Thus, typically only 2D structures can be fabricated. When aiming for more than 2D for micro and nanosystems, 3D manufacturing and associated material joining methods become increasingly important. Recent advances in additive manufacturing (AM), both at micro and sub-micrometer scale, allow now for designing novel single and multi-material N/MEMS having features at multiple length-scales that were impossible a few years ago (Deubel et al., 2004; Galliker et al., 2012; Buckmann et al., 2014) . Besides the capability of rapid prototyping and mass customization, the new manufacturing techniques also have the opportunity for low waste manufacturing, as the material is, in principle, only added where it is needed, in the best case drop by drop. The interplay between novel manufacturing, in particular AM, and materials science is particularly important to ensure reliable material interfaces and the suitable multi-material joining strategies. In the near future, besides ink materials and printing strategies, also the development of new printing tools will become an important issue in this field toward a truly digital manufacturing scenario of advanced N/MEMS. The areas of AM and printed electronics (PE) have seen sustainable growth recently. Both areas are assumed to continue consolidating in their respective fields in the next decades, as the advantages of digital manufacturing, low material waste, the capability of 3D rapid prototyping, and mass customization are just too appealing to ignore. When analyzing the capabilities of AM and PE, respectively, it appears that, when combining them, they address interesting and original issues related to N/MEMS research. N/MEMS by definition are nano/micro-electro-mechanical systems and as such combine transducer and electronic functions in an integrated miniaturized system. Fabrication techniques for N/MEMS have always been more challenging than for IC. This is mainly due to the lack of standardization and due to the 3D aspect of N/MEMS. AM and PE fabrication methods can thus boost N/MEMS design and fabrication as these two fabrication threads allow addressing exactly the challenges of future N/MEMS, namely 3D, functional material integration, mass customization, etc. We see thus a great opportunity in future "Printed N/MEMS." One future challenge and opportunity would be to design new generations of 3D N/MEMS by assembling pre-fabricated building blocks into tiny building blocks to form the final N/ MEMS product. The challenge obviously lies in the microassembly and interconnects of the pre-fabricated dies into the cuboid. Advances in the field of N/MEMS self-assembly, however, have shown that N/MEMS can be connected using templates and liquid approaches (Fang et al., 2006; Mastrangeli et al., 2009 ). 3D printing, AM associated with self-assembly are without doubts part of the future processing chain of advanced N/MEMS.
SelF-pOWered n/MeMS netWOrKS
The current technological evolution toward a pervasive use of sensors is going to impose certain needs on the required cost and size reduction, as well as power consumption and connectivity. Market forecasts predict the emergence of the Internet of Things, in which sensors will be ubiquitous in personal (wearable) devices, smart homes, transportation, and smart cities. The final goal to keep these large sensor networks sustainable is to achieve zero-power devices. These devices will harvest energy from their immediate surroundings from light, vibrations, temperature differences, and electromagnetic radiation. By combining these sources of energy with low-power electronics, we expect that autonomous systems will be affordable. This will require research on novel materials, devices, and system architecture that will allow energy savings by several orders of magnitude for the computation, communication, and sensing functions. In parallel, energy harvesting will be required to improve also by some orders of magnitude. Considering how energy supply is currently raising concerns, achieving these autonomous sensors will also be an important milestone. edUcatiOn N/MEMS are truly interdisciplinary topics that encompass physics, technology, chemistry, and biology. However, no curriculum in the world contemplates a deep immersion in all of these disciplines simultaneously. Consequently, training and education of students have been traditionally limited and focused on the disciplines where each University holds the greater expertise. We think that this is one of the reasons preventing further development of N/MEMS. In order to prepare students for the high-tech industries and academia, and in order to make an impact in society via N/MEMS development, the proper curriculum needs to be defined. Students should learn in the first and second year a strong basis in fundamentals that are then followed from year 3 on by modern applications, so that they are well prepared for industry challenges. On the other hand, the curriculum has to offer also high-level courses for those aiming at a doctorate degree. One very important aspect of teaching is a "hands-on" teaching lab, so that the students can touch and feel micro and nanotechnology. While this is already well done for MEMS, it needs more practical works for the nanotechnology courses. Recent progress in instrumentation and techniques allow now performing nanoengineering experiments at low cost (VazquezMena et al., 2015) .
The field of N/MEMS currently faces several challenges as we attempted to summarize in this note, but the advances of material science and process engineering offer also new and exciting opportunities. This journal in Frontiers thus invites original contributions that address issues related to the design, process engineering, characterization, and application of advanced N/ MEMS, in particular, addressing partially one or several of the challenges mentioned in this article.
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